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Notation
In this section, we define spillover effects using counterfactual notation adapted from the notation presented in Hudgens and Halloran 2008 and Vanderweele and Tchetgen Tchetgen 2011 [1, 2] . In studies in which there is no dependence between individuals (i.e., studies assuming the Stable Unit Treatment Value Assumption (SUTVA) holds [3] ), counterfactuals are frequently denoted by a single index. For example, in a study randomly assigning treatment (A) to individuals with no dependence between individuals, Y a could indicate the potential outcome for a person with treatment assignment A = a.
When spillovers are hypothesized to be present, an individual's potential outcome depends not only on their treatment assignment but also on the treatment assignment of other individuals; in these cases, SUTVA is violated. The treatment assignment of each individual (j) in each cluster (i) can be summarized in a vector of treatments for n individuals: A i ≡ (A i1 , ..., A in i ). Similarly, A i,−j ≡ (A i1 , , ..., A ij−1 , A ij+1 ..., A in i ) denotes the vector of treatments for individuals in cluster i excluding the treatment assignment for individual j.
A i can be considered a treatment allocation regimen, and A (n i ) is the set of all possible treatment allocation regimens for n i individuals. Specific regimens within A (n i ) can be denoted by α. For example, α 1 may include a scenario in which half of individuals in a cluster are allocated to treatment and half fare allocated to control, and α 0 may indicate a scenario in which all individuals in a cluster are allocated to control. We define spillover parameters in the context of "intention-to-treat" analyses, which estimate the true causal effect of interventions with high adherence. Inferences about spillovers are more complicated when there is imperfect adherence (e.g., "per-protocol" analyses) [4] , and a formal discussion of that setting is beyond the scope of this paper.
Y ij (a i ) is the counterfactual outcome for an individual j in cluster i, and Y ij (a i,−j ) denotes the counterfactual outcome for all individuals in cluster i except individual j. Hudgens and Halloran define the individual average potential outcome as follows [1] :
Cluster-level spillover effects
The following definitions are presented on the additive scale and reverse the order of treatment and control contrasts within each parameter from the definitions presented in Hudgens and Halloran [1] . As mentioned above, α denotes a treatment allocation regimen for a cluster; α 1 may be defined such that an individual's probability of treatment is less than 1 and greater than 0, and α 0 is a treatment regimen in which all individuals in a cluster are allocated to control. Below, a i and a i denote different treatment vectors.
Direct effect (DE)
Individual direct effect:
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Group average direct effect:
Spillover effect (SE)
We note that Hudgens and Halloran [1] refer to this parameter as an "indirect effect".
Individual-level spillover effect:
Individual average spillover effect:
Group average spillover effect:
3. Total effect (TE) Individual total effect:
Individual average total effect:
Group average total effect:
4. Overall effect (OE) Individual overall effect:
Individual average overall effect:
Group average overall effect:
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Distance-based spillover effects
We define two types of distance-based spillover effects; other types can also be estimated depending on the study design.
1. Spillover effects conditional on distance to clusters This parameter compares the potential outcomes of individuals at distance K i = k from a cluster allocated to treatment (α 1 ) to those of individuals at distance K i = k from a cluster with treatment regimen α 0 . As for the previous parameter, Y ij (a i |K i = k) is the potential outcome for individual j residing within distance K i = k from cluster i, with treatment vector a i . This and the following parameters can be estimated for different values of k to assess whether spillovers decay with increasing distance.
Individual spillover effect:
2. Spillover effects conditional on distance between clusters This parameter can be estimated using a pair-matched two-stage randomized design as described in the main text. Let a i be the treatment vector for primary clusters, b i be the treatment vector for secondary clusters. Similarly, we define α as the treatment regimen for primary clusters and β as the treatment regimen for secondary clusters. Then we define potential outcomes for individuals in secondary clusters as a function of the treatment regimen for primary clusters:
is the potential outcome for individual j in secondary cluster i with treatment vector b i within distance K i = k from a primary cluster with treatment vector a i .
Spillover effects conditional on treatment density
In some cases, spillovers are a function not of the precise allocation of treatment to specific individuals, but instead of summaries of a i , such as the proportion of those that get treatment (p i ). We can represent the model of the counterfactual distribution as 1. Cluster-level spillover effect conditional on treatment density among the untreated Individual spillover effect:
2. Cluster-level spillover effect conditional on treatment density among the treated Individual spillover effect:
Spillover among social network members
Causal social network spillovers can be measured in a design that randomizes treatment to egos (the initially enrolled subject) and compares the mean potential outcomes of alters (the person socially connected to the ego) in the treatment vs. control group. We can represent counterfactuals in this scenario also as a function of a joint treatment (a 0 , a 1 ), where the treatment assignment for the alter is a 0 and the treatment assignment for the ego is a 1 . One can define the potential outcome for an alter who is socially connected to an ego with treatment a 1 as Y (a 1 , a 0 ).
Social network spillovers among the untreated
Average spillover effect:
2. Social network spillovers among the treated Individual spillover effect:
Vaccine efficacy for infectiousness
We modify the notation of Halloran and Hudgens [5] in order to be consistent with the notation we used for other parameters. We focus on a hypothetical study with a random sample of units of two individuals. These parameters are measured in clusters in which at least one individual is infected and is called a "case". Spillovers are measured among the other uninfected individuals in the cluster. It is assumed that the case was infected outside of the cluster and that any further infection in the cluster is considered a secondary transmission (i.e., a spillover).
A ij denotes the treatment of individual j in unit i. A = (A i1 , A i2 ) is the vector of treatment assignments for unit i. The potential outcome depending on the treatment assignment for individual j in unit i is S ij (A i ). For primary cases, S ij (a i )=1; otherwise S ij (a i ) = 0. Y ik (a i ) is the potential outcome following secondary transmission for individual k in unit i. If S ij (a i ) = 1 and individual k (for j = k) becomes a secondary case under treatment
The sets of potential outcomes under different treatment assignments and post-infection outcomes can be summarized as follows:
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CVE 12 I (0) measures the relative reduction in the probability of transmission from individual 1 (the case) to individual 2 (the susceptible) in the counterfactual scenarios in which the case is vaccinated and the susceptible is unvaccinated. Supplement to Spillover effects in epidemiology: parameters, study designs, and methodological considerations 2 Assumptions required to estimate spillover parameters 2.1 Cluster-level spillover effects
Partial interference
One of the core assumptions required to make causal inferences is the assumption of no interference, or SUTVA [3] , which states that an individual's potential outcome does not depend on the treatment assignment of other individuals in the study population. The partial interference assumption [6] relaxes this assumption when spillovers are thought to be present. It states that an individual's potential outcome does not depend on the treatment assignment of individuals in other clusters (i = i ) but allows for it to depend on the treatment assignment of individuals in the same cluster [7, 8] . In practice, it requires that clusters have enough separation in distance or in time to prevent spillovers between clusters.
Mixed assignment
In a two-stage randomized study, this assumption allows for a study to assign clusters to treatment assignment regimen α without requiring that α be assigned to clusters in a particular order. It states that the number of individuals treated within a cluster cannot vary for a given cluster-level treatment assignment regimen α and that treatment assignment is random within clusters.
Formally, in a two-stage randomized study, in the first stage of randomization, the treatment assignment regimen of clusters in the trial can be denoted by ψ; in the second stage, the treatment assignment regimen for individuals within cluster i can be denoted by α. Suppose α is defined as a cluster treatment assignment regimen in which at least one individual is assigned to treatment. S ≡ (S 1 , ..., S N ) is the treatment vector for clusters assigned to treatment in the first stage of randomization, where S i =1 if cluster i is assigned to regimen α and is 0 otherwise. C ≡ i S i is the number of clusters with treatment regimen α. Let R j be the set of treatment assignment vectors of length j. Then, R N t is the set of vectors of treatment in which exactly t out of N individuals receive treatment.
The treatment assignment regimen ψ in the first stage of randomization can be considered a "mixed" [6] or "permutation" [9] assignment strategy if 0 < C < N and Pr(S = s) = C!(N − C!)/N! if s ∈ R N C and is 0 otherwise [1] . In the second stage of randomization, let T i ≡ j A ij , where A ij is the treatment assignment for individual j in cluster i. The treatment assignment regimen α can be considered mixed if T i is fixed given the cluster's treatment assignment S i and 0 < T i < n i and each possible individual treatment assignment is equally likely [1] .
Stratified interference
This assumption states that the potential outcome for individual j is the same when t −1 individuals in the cluster receive treatment for any set of t − 1 individuals who receive treatment. This assumption allows for spillovers to occur within a cluster while requiring that potential outcomes be the same regardless of the specific individuals assigned to treatment in the cluster. Formally, the stratified interference assumption states that for t = 1, ..., n i − 1, Y ij (a i ) = Y ij (a i ) for all a i , a i ∈ R n i t such that a ij = a ij [1] .
Exchangeability of individuals within clusters
This assumption states that on average, the baseline characteristics of individuals in clusters are exchangeable (i.e., treatment assignment is strongly ignorable [10] ). This can be achieved using a twostage randomized design that first randomizes clusters to treatment or control and then randomizes individuals in treatment clusters to treatment or control. If Y a is the potential outcome for an individual in a cluster assigned to treatment A in, then this assumption states that:
Positivity
This assumption states that the probability of each joint treatment pattern is positive, and if the analysis adjusts for covariates, this probability must be positive within covariate strata. When this assumption is violated, point estimates may be biased in an unknown direction, and variance estimates may be impacted as well [11] .
Spillover effects causal in distance to clusters
Spillover effects that are causal in distance can be defined within a cluster-randomized design; they compare counterfactual outcomes for individuals residing in the area surrounding clusters who do not receive treatment over different distances. One can compare outcomes of individuals at distance k from a cluster treated with regimen α 1 (at least one individual in treated clusters is allocated to treatment) to their potential outcomes with distance set to k = k .
Modified partial interference
Let D be the distance from an individual j to cluster i. This assumption states that the potential outcomes of individuals in the vicinity around clusters may depend on the treatment assignment of individuals in clusters for which d ≤ k but are independent of the treatment assignment of individuals in clusters for which d > k.
Modified stratified interference
This assumption states that the potential outcome for individual j in the vicinity around a treated cluster at distance d ≤ k is the same when t − 1 individuals in clusters at distance d ≤ k receive treatment for any set of t − 1 individuals in that cluster who receive treatment.
Exchangeability of individuals over different distances
This assumption states that there is no unmeasured confounding that operates by distance: individuals at distance k and k from a treated cluster must have the same baseline characteristics on average.
Positivity
As described in Section 2.1.5, this assumption states that the probability of each joint treatment pattern is positive, and if the analysis adjusts for covariates, this probability must be positive within strata of covariates. When this assumption is violated, point estimates may be biased in an unknown direction, and variance estimates may be impacted as well [11] .
Spillover effects conditional on distance to clusters
This parameter can be estimated and interpreted causally under the following assumptions in a study design in which clusters are randomly assigned to receive treatment or control. Spillovers are measured by comparing potential outcomes of individuals in the vicinity surrounding treatment clusters to those in the vicinity around control clusters. The proportion of individuals treated in treatment clusters may vary.
Modified partial interference
Mixed assignment
This assumption, defined in Section 2.1.2 for cluster-level spillovers, must hold as well for all clusters.
Stratified interference
As described in Section 2.1.3, this assumption states that it does not matter which individuals in a cluster are assigned to treatment. For this parameter, this assumption applies not only to clusters randomized to treatment or control but also to the individuals within distance k of each cluster. Specifically, the assumption states that the potential outcome for individual j is the same when t − 1 individuals in clusters at distance d ≤ k receive treatment for any set of t − 1 individuals in that cluster who receive treatment.
Intra-and extra-cluster exchangeability
This assumption states that there is no unmeasured confounding that operates by distance: individuals in clusters with d ≤ k and individuals outside the cluster within distance k must have the same baseline characteristics on average. This can be achieved by randomly allocating cluster centers and then forming a cluster boundary with the same radius for all clusters. In such a design, individuals within the cluster and those in the periphery of the cluster should be exchangeable in their baseline characteristics on average.
Positivity
Spillover effects conditional on distance between clusters
Spillover effects conditional on distance between clusters can be estimated using a pair-matched, twostage design (Figure 2c ). In the first stage, a study pair-matches clusters separated by distance k and then randomly allocates each pair to treatment or control. In the second stage, the study randomly selects one member from each pair to be the "primary" cluster, and in the treated group the primary clusters receive treatment. In practice, the double control pairs may be reduced to a single pair unless the second is needed to achieve sufficient statistical efficiency. Individuals in clusters assigned to treatment are randomly assigned to treatment or control.
Modified partial interference
This assumption states that the potential outcomes of individuals in secondary clusters may be dependent on the treatment assignment of individuals in the primary cluster in their pair for which d ≤ k, but they are independent of the treatment assignment of individuals in other clusters for which d > k. In practice, clusters must be sufficiently separated in distance or in time to prevent individuals in different groups from being dependent, but also, individuals near clusters must be sufficiently separated.
Mixed assignment
This assumption, defined in section 2.1.2 for cluster-level spillovers, must hold as well for all clusters.
Stratified interference
This assumption must be extended to apply to both primary and secondary clusters in each pair. Specifically, the assumption requires that the potential outcome for individual j in secondary cluster i at distance d ≤ k from a primary cluster is the same when t − 1 individuals within the adjacent primary cluster receive treatment for any set of t − 1 individuals who receive treatment.
Exchangeability of primary and secondary clusters
This assumption requires that on average, the baseline characteristics of individuals in primary and secondary clusters are exchangeable. If not, spillover effect estimates could be subject to unmeasured confounding.
Positivity
As described in Section 2.1.5, this assumption states that the probability of each joint treatment pattern is positive, and if the analysis adjusts for covariates, this probability must be positive within strata of Supplement to Spillover effects in epidemiology: parameters, study designs, and methodological considerations
Partial interference among socially connected ego-alter pairs
This assumption states that an alter's potential outcome may depend upon the treatment assignment of the ego they are socially connected to but does not depend on the treatment assignment of any other individual in the population. This is a variation of SUTVA [3] and the partial interference assumption articulated by Sobel [6] .
Vaccine efficacy for infectiousness
In this section we summarize the assumptions to identify causal vaccine efficacy for infection as defined by Halloran and Hudgens [5] . This parameter is estimated in studies that enroll households that contain infected cases; it compares the secondary attack rate among uninfected susceptible individuals in households with a vaccinated case to those in households with unvaccinated cases. As defined above in Section 1.6, this parameter conditions on a susceptible individual's exposure to an infected case. The potential outcome for the infected case in cluster i is S i and the potential outcome for the susceptible individual is Y i . To identify this parameter, certain exclusion restrictions must be made, which we outline below.
Partial interference
This assumption, which we define in Section 2.1.1 for cluster-level spillovers, also applies for spillovers conditional on exposure to infection. The assumption states that the potential outcome of a susceptible individual can be dependent on the treatment status of the infected case in their household but that it is not dependent on the treatment status of any other individuals [6] .
Positivity
For a study of transmission units with two individuals each, either individual in the unit can be vaccinated and either can be exposed to infection outside the unit. In other words, either individual could be the primary case. The positivity assumption states that the probability of every joint treatment pattern is positive.
Assumptions to reduce principal strata
As defined above, the potential outcome given the random treatment assignment A i for individual j in cluster i is S ij (A i ). The assumptions below focus on a design in which each household contains only two individuals. In this design, there are 2 8 = 256 principal strata that contain vectors of potential outcomes (S i ) for a given cluster i. The following assumptions reduce the number of principal strata to 11, which greatly simplifies inference.
1. In each cluster, only one individual was not exposed outside the transmission unit. Supplement to Spillover effects in epidemiology: parameters, study designs, and methodological considerations 2. If individual j is vaccinated and becomes the primary case, then that individual would also become the primary case if they had not been vaccinated holding all else equal. In other words, it is assumed that the vaccine has a nonnegative protective effect.
If S ij (a ij = 1, a i,−j = a) = 1, then S ij (a ij = 0, a i,−j = a) = 1 for a = 0, 1
3. If individual j becomes the primary case when the susceptible is not vaccinated, then they will become the primary case when the susceptible is vaccinated holding all else equal.
If S ij (a ij = a, a i,−j = 0) = 1, then S ij (a ij = a, a i,−j = 1) = 1 for a = 0, 1
4. If no infections occur when neither individuals are vaccinated, then no infections occur when one or both individuals are vaccinated.
If S ij (00) = 0 for all j, then S ij (a i ) = 0 for all j, a i .
5. If individual j is not the primary case, then they does not infect others.
If there exists j such that S ij (a i ) = 0 for all a i , then S ik (a ik = a, a ij = 0) = S ik (a ik = a, a ij = 1) for k = j.
(38)
Monotonicity of Y
This assumption states that the vaccine's effect on the individual exposed in the transmission unit is not negative.
If Y ij (a ij = 1, a i,−j = a) = 1, then Y ij (a ij = 0, a i,−j = a) = 1 for a = 0, 1.
Exchangeability
This assumption states that the potential outcomes among the primary case as well as the susceptible individual are independent of the treatment assignment of either individual.
No selection bias
The strongest version of this assumption requires that the secondary transmission rate is the same in all principal strata with a primary case for a specific a i . 
We refer readers to Halloran and Hudgens 2012, which describes weaker assumptions that allow for identifiability of this parameter in certain cases [5] .
